Abstract: Excess cadmium accumulation in shoot decreases the photosynthetic attributes and the activity of carbonic anhydrase (CA; E.C. 4.2.1.1) thereby retarding plant growth metabolism, in a cultivar dependent manner. Two mustard (Brassica juncea) varieties were treated with increasing cadmium doses (0, 25, 50 or 100 mg CdCl 2 kg −1 of soil) in the soil in a net house. The photosynthetic features, activity of CA, and the yield attributes were recorded in association with morphological characters. A clear-cut difference in these features was noted among the varieties, where Varuna excelled in its resistance to the cadmium toxicity with better growth and yield, at harvest.
Introduction
Brassica juncea [L] Czern. & Coss. (family: Brassicaceae) besides an important oil crop is widely used as green vegetable and condiment. The species of B. juncea (mustard) are well-known heavy metal accumulators, particularly cadmium. However, the higher level of cadmium contamination induces toxic responses in mustards plants based on genotypic differences in uptake and distribution (An, 
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PUBLIC INTEREST STATEMENT
Mustards are important crops as condiment seeds, oil seeds, and leafy vegetables in human diet. Being good accumulator of heavy metals, especially cadmium where make its consumption qualitatively unfit, excess soil cadmium due to excess phosphate fertilizers use, industrially contaminated water and sewage wastes further reduces yield of its consumptionable parts disrupting its physiology and metabolism. Different defense mechanisms induced at specific crop physiological age have been tested in two different genotypes to mark the sensitive response and stress amelioration, limited reports available in physiologically differently performing mustard varieties against stage specific excess heavy metal treatments as soil polluted cadmium. Therefore, locally well-grown mustard varieties in continuation with reported physiological performance of varieties (RH-30 and Varuna), cadmium sensitivity was tested considering important aspect of photosynthetic variation and yield output so that their potential growth in cadmium contaminated areas could be preassessed.
2004; Arao, Ae, Sugiyama, & Takahashi, 2003; Page & Feller, 2015; Zhang, Sun, Li, Liang, & Song, 2009) . To name amongst are root efficiency of cadmium retention, cadmium-efflux rate, its binding to extracellular matrix, cellular detoxification and complexation, and regulation of cadmium transport to photosynthetically active aerial parts (Irfan, Hayat, Ahmad, & Alyemeni, 2013; Marshner, 2012; Pérez-Chaca et al., 2014; Tanwir et al., 2015) . The indiscriminate use of phosphate fertilizers, sewage sludge wastes, and wastewater in India has added sufficiently high level of cadmium to agricultural soil (Radha, Kumutha, & Marimuthu, 2014; Wuana & Okieimen, 2011) . Cadmium competes against root absorption of nutrients; induce secondary drought symptoms and cellular toxicity responses (Irfan et al., 2013; Tkalec et al., 2014) . Cadmium-induced disease in mineral uptake seriously affects the activity of carbonic anhydrase (CA), chlorophyll content, and photosynthetic response. The plants, therefore, accumulate lesser dry mass of cultivar which results into reduced plant growth and suboptimal yield output.
Moreover, cadmium is an effective inhibitor of photosynthetic attributes (Krupa, 1999; Mohamed, Castagna, Ranieri, & Sanità di Toppi, 2012) as it accumulates in the aerial photosynthetic parts to interfere with chloroplast functioning (Babula, Adam, Havel, & Kizek, 2012) and Calvin cycle enzymes. Cadmium-induced stomatal resistance (Barceló & Poschenrieder, 1990 ) limits the internal CO 2 (López-Climent, Arbona, Pérez-Clemente, & Gómez-Cadenas, 2011) and carbon fixation to reduce net photosynthetic rate (Ekmekçi, Tanyolaç, & Ayhan, 2008; Mohamed et al., 2012) . Cadmium and other heavy metals mediated damage of photosynthetic apparatus includes light harvesting complex II and the loss of maximum quantum yield of PSII (Mysliwa-Kurdziel, Stecka, & Strzalka, 2012; Siedlecka, Krupa, Samuelsson, Oquist, & Gardestrom, 1997; Tian et al., 2014) . Reduced photosynthetic efficiency concomitantly led to declined allocation of photosynthates toward sink to compromise fruit yield (Ghani, 2010; Patel, Rahi, & Verma, 1980) . Cadmium also reduced the synthesis and level of photosynthetic pigments (Ekmekçi et al., 2008; Mohamed et al., 2012; Muradoglu et al., 2015; Stobart, Griffiths, Ameen-Bukhari, & Sherwood, 1985; Tian et al., 2014) . The decrease of chlorophyll was reported due to altered structure of chlorophyll molecule where cadmium replaces its central metal, Mg (Küpper, Küpper, & Spiller, 1998) and its interference with protochlorophyllide production (Abdel-Basset, Issa, & Adam, 1995; Stobart et al., 1985) . Heavy metals like cadmium and lead also declines the synthesis of 5-aminolavulinic acid and protochlorophyllide reductase complex (Mysliwa-Kurdziel, Prasad, & Strzalka, 2004; Pérez-Chaca et al., 2014; Stobart et al., 1985) . Therefore, multiple factors cumulatively decrease chlorophyll content (Gadallah, 1995; Usha & Mukherji, 1992) .
CA is second most abundant soluble protein next to Rubisco, occurring in the chloroplast of C 3 plants (Atkins, Patterson, & Graham, 1972) . It rapidly interconverts CO 2 to bicarbonate to maintain CO 2 supply of Rubisco. The ratio of CA and Rubisco ascertains the carbon concentration and is regulated at the level of expression for optimal photosynthetic carbon fixation and allocation of photosynthates (Escudero-Almanza et al., 2012) . Cadmium-induced decline of CA activity could limit Rubisco catalysis through stomatal resistance for internal diffusion of CO 2 , root competition of zinc availability or directly hindering via oxidative stress at the membranes of chloroplast and thylakoids (Escudero-Almanza et al., 2012; López-Climent et al., 2011; Poschenrieder, Gunse, & Barcelo, 1989) . The inhibitor-based study suggested that at thylakoid membrane CA remains closely associated with PSII and possibly regulates the photosynthetic electron transport system (Stemler, 1997) .
Cadmium-induced inhibition of root Zn uptake seriously affects photosynthesis and other physiological aspects of plant (Escudero-Almanza et al., 2012) . Redox active metals at low concentrations increase mitochondrial ROS production via Fenton and Haber-Weiss reactions and respiratory electron chain inhibition (Keunen, Remans, Bohler, Vangronsveld, & Cuypers, 2011; Pérez-Chaca et al., 2014 were obtained from National Seed Corporation, New Delhi, India. Surface sterilized seeds (with 0.01% HgCl 2 solution) were washed repeatedly with doubledistilled water to remove adhering particles of HgCl 2 . The experiment was arranged in a completely randomized block design in the natural environment of net house of Department of Botany, Aligarh Muslim University, Aligarh, India. The experiment was setup during the winter season of SeptemberFebruary 2009 SeptemberFebruary -2010 , under ambient environmental conditions with optimum temperature varied from 10 to 30°C.
Materials and methods
Seed were sown in earthen pots (25 × 25 cm) filled with sandy loam soil and farmyard manure (6:1 v/v). The soil was polluted with nitrogen from urea, single superphosphate, and muriate of potash added at 40, 138, and 26 mg kg −1 of soil, respectively. The seeds of B. juncea, cv. Varuna or RH-30 were sown at the rate of eight seeds per pot polluted with different concentrations of cadmium (0, 25, 50 or 100 mg CdCl 2 kg −1 of soil). After one week, plants were thinned to three plants per pot. Both the varieties were sampled at the vegetative (30 DAS) and flowering stage (60 DAS), and for yield parameters, at harvest.
Growth analysis
The plants were removed from the pots along with soil and were dipped in a bucket filled with tap water. The plants were gently moved to remove adhering soil particles. The length and fresh mass of shoot and root separately were measured using a meter scale and an electronic balance. The leaf area was measured manually using graph sheet, where the squares covered by the leaf were counted. The plants were then placed in an oven at 80°C for 72 h. The dried shoot and root were then weighed to record dry mass.
Chlorophyll (SPAD) value and photosynthetic parameters
The SPAD value of chlorophyll was measured using SPAD chlorophyll meter (SPAD-502, Konica, Minolta Sensing, Inc., Japan). Photosynthetic parameters [net photosynthetic rate (P N ), stomatal conductance (g s ), intercellular CO 2 concentration (C i ) and transpiration rate (E) and maximum quantum yield of PSII (Fv/Fm)] were measured in a well-expanded upper third leaf while attached to the plant using an infrared gas analyzer portable photosynthetic system (LI-COR 6400, LI-COR, Lincoln, NE, USA), between 11:00 and 12:00 h under clear sunlight. The atmospheric conditions during measurement were photosynthetically active radiation, 1,016 ± 6 μmol m −2 s −1 , relative humidity 60 ± 3%, atmospheric temperature 22 ± 1°C, and atmospheric CO 2 360 μmol mol −1 . The duration of the measurement of each sample was 10 min after the establishment of steady-state conditions inside the measurement chamber.
CA activity
The activity of CA was determined by adopting the procedure described earlier by Dwivedi and Randhawa (1974) . Fresh leaf samples (0.2 g) were cut into small pieces and suspended in 10 ml of 0.2 M cysteine hydrochloride solution. The samples were incubated at 4°C for 20 min. The leaf pieces were blotted dry and transferred to test tubes containing 4 ml of phosphate buffer (pH 6.8) followed by the addition of 4 ml of 0.2 M alkaline bicarbonate solution and 0.2 ml of 0.002% bromothymol blue indicator. The test tubes were incubated at 4°C for 20 min. The reaction mixture was titrated against 0.05 N HCl, after the addition of 0.2 ml of methyl red indicator. The results are expressed as mol (CO 2 ) kg −1 (leaf FM) s −1 .
Cadmium accumulation in root and shoot
For cadmium determination, the root and shoot samples were immersed in ice cold 5-mM CaCl 2 solution for 10 min to displace extracellular cadmium, rinsed with distilled water. Tissue is oven dried (Meuwly & Rauser, 1992) . Cadmium concentration in shoot and root was estimated after digesting the samples in nitric acid:perchloric acid (3:1, v/v). Cadmium concentration was determined by atomic absorption spectrophotometer (Perkin-Elmer A, Analyst, 300).
Yield parameters
Five plants from each treatment (representing five replicates) were randomly sampled and counted for the number of pods per plant at harvest (about 120 DAS). From each treatment, 25 pods were randomly selected and computed to get number of seeds per pod. The pods from each replicate were cleaned, split opened, and weighed subsequently to record the mass of 100 seeds. Seed yield was computed per plant.
Statistical analysis
The experiment was conducted according to simple randomized block design. Each treatment was replicated five times and three plants per pot were maintained where each pot was considered as a replicate. Treatment means were compared by the analysis of variance using SPSS 17.0 for Windows (SPSS, Chicago, IL, USA). Least Significant Difference (LSD) between treatment means was calculated at the 5% level of probability.
Results

Growth parameters
The values for all the growth biomarkers (length, fresh and dry mass of shoot and root, and leaf area) of the plants decreased in the soil polluted with cadmium, in comparison to the non-treated (control) plants (Tables 1-4 and Figure 1 (B)). Out of the various cadmium concentrations (CdCl 2 ; 25, 50 or 100 mg kg −1 ), 100 mg kg −1 was more toxic and generated maximum reduction of 62.28 and 51.14% in shoot and root length, 70.37 and 56.67% in shoot and root fresh mass, 52.28 and 65.00% shoot and root dry mass and 59.09% in leaf area, in Varuna as compared to the control at 30 DAS for the above-mentioned parameters. Except leaf area, the loss was significant; as compared to the control. The percent loss was less at 60 DAS, denoting the stress acclimation.
Photosynthetic parameters and leaf chlorophyll level (SPAD value)
The cadmium-stress (CdCl 2 ; 0, 25, 50 or 100 mg kg −1 of soil) significantly lowered most of the photosynthetic attributes (i.e. net photosynthetic rate , stomatal conductance, transpiration rate; maximum quantum yield of PSII and chlorophyll content, SPAD value) except internal CO 2 concentration, as compared to the control plants (Figures 1(A) and 2(A-D) ). At the highest concentration of cadmium (100 mg kg −1 soil), minimum photosynthetic rate was recorded. At the first sampling, (30 DAS) the variety Varuna and RH-30 growth with 25 mg CdCl 2 kg −1 soil exhibited a decline of net photosynthetic rate (P N ) by 30.81 and 38.74%, stomatal conductance (g s ); 37.70 and 49.06%, internal CO 2 concentration (C i ); 14.73 and 24.80% and transpiration rate (E) 13.59 and 28.28% in comparison to their respective controls. However, the maximum damage in photosynthetic attributes was found in RH-30, against all the levels of cadmium stress. Maximum concentration of cadmium (100 mg CdCl 2 kg −1 soil) was most toxic which decreased the SPAD chlorophyll level in Varuna and RH-30 by 51.26 and 75.36% at 30 DAS as compared to their control plants, respectively. However, the percent reduction of SPAD value was lower at 60 DAS. The photosynthesis along with their attributes increased as the growth progressed from 30 to 60 DAS. All the soil applied concentrations of cadmium (25, 50 or 100 mg CdCl 2 kg −1 soil) reduced the maximum quantum yield of photosystem II (Fv/Fm), more in RH-30, at both the stages (30 and 60 DAS) of growth than Varuna (Figure 1(C) ). However, the reduction of Fv/Fm at highest concentration (100 mg CdCl 2 kg −1 soil) in Varuna was 30.19 and 18.95% while in RH-30 it was 46.58 and 42.86%, compared to their respective controls, at the two stages of growth. The cadmium-induced decline in Fv/Fm was sharp at 30 DAS, as compared to 60 DAS.
Activity of CA enzyme
The activity of CA decreased significantly with respect to cadmium stress (Figure 1(D) ). Of the various concentrations of cadmium (25, 50 or 100 mg CdCl 2 kg −1 soil), the highest cadmium level generated 
Accumulation of cadmium
Both the varieties in general accumulated a higher level of the cadmium in root than shoot which increased further as the growth progressed (Table 4) 
Yield characteristics
Plants grown under cadmium stress (25, 50 or 100 mg CdCl 2 kg −1 soil) possessed significantly lower values of number of pods per plant and seed yield per plant, at harvest, compared with the control (Figure 3) . The maximum loss was noticed in RH-30 at the highest level of CdCl 2 (100 mg kg −1 soil), compared to control was 29.58, 33.31, 18.02, and 45 .01%, respectively. Furthermore, the loss in Varuna was less pronounced as compared with RH-30.
Discussion
Sufficient literature supporting the genotypic variation in tolerance against cadmium toxicity in plants is available (Chaturvedi, 2004; Ozturk, Eker, & Ozkutlu, 2003; Patel et al., 1980) . Present investigation shows that length, fresh and dry mass of root and shoot, and leaf area significantly decreased in the two varieties against all the concentrations of cadmium (25, 50 or 100 mg kg −1 CdCl 2 soil) polluted into the soil (Tables 1-3 and Figure 1(B) ). The values for these growth parameters decreased with an increasing accumulation of cadmium in root and shoot tissues (Table 4) . Roots, however, accumulated more cadmium than shoot, in genotype-independent manner. Patel et al. (1980) and Chaturvedi (2004) also reported similar findings in the genotypes of B. juncea against cadmium stress. The cadmium toxicity in a cultivar might depend upon the capacity of cadmium uptake, its efflux and tolerance and repair mechanisms employed to detoxify the metal (Akhtar, 2012; Ozturk et al., 2003; Pérez-Chaca et al., 2014; Rauser & Meuwly, 1995) . Moreover, cadmium-induced mineral and water stress could also partially contribute to the decline of fresh and dry mass and other related growth parameters, besides photosynthetic restriction (Escudero-Almanza et al., 2012; Marshner, 2012) .
As the concentration of cadmium increased in soil, concomitant reduction in leaf area followed the reduction of net photosynthetic rate (P N ), it's associated parameters viz. internal CO 2 concentration (C i ), stomatal conductance (g s ), transpiration rate (E), and photosynthetic quantum yield of PSII (Fv/Fm) (Figures 1(A and C) and 2(A-D) ). The presence of cadmium inhibits efficiency of photosynthetic apparatus (Mohamed et al., 2012; Mysliwa-Kurdziel et al., 2012) by inhibiting stomatal opening and interfering with the function of chloroplast (Babula et al., 2012) . Cadmium competitively excludes mineral nutrients absorption, and impedes water uptake which might lead to the generation of desiccation and nutritional/mineral stress and hence induction of ABA signals (Marshner, 2012; Tkalec et al., 2014) . Cadmium-induced ABA signals decrease stomatal conductance (Poschenrieder et al., 1989) limit the availability of CO 2 (López-Climent et al., 2011) which negatively feedbacks the photosynthetic carbon fixation cycle. Cadmium-mediated desiccation stress and stomatal resistance (Babula et al., 2012 ) also hinders transpiration rate and nutritional availability, therefore, inhibits overall photosynthesis (Ekmekçi et al., 2008; Mohamed et al., 2012) . Cadmium interferes with the performance and photon flux yield of PSII several ways. Cadmium-induced stress and subsequent reduction in photosynthesis are reflected as decreased value of maximum yield of net photosynthetic rate (Fv/Fm) or chlorophyll fluorescence (Li, Yang, Yang, Chen, & Ni, 2015) , a sensitive measure of plant stress as photosynthetic performance (Kancheva, Borisova, & Iliev, 2008) . CA is also reported in close association with PSII at thylakoid membrane of chloroplasts (Stemler, 1997) altering photosynthetic electron transport chain and maximum quantum yield of PSII.
Cadmium inactivates chlorophyll molecule by replacing its central core of the metal, magnesium (Küpper et al., 1998) . Moreover, cadmium also activates chlorophyll degrading enzyme chlorophyllase (Abdel-Basset et al., 1995) and declines the synthesis of chlorophyll biosynthetic enzymes i.e. 5-aminolavulinic acid and protochlorophyllide reductase complex (Mysliwa-Kurdziel et al., 2004; Stobart et al., 1985) . Therefore, decline in the chlorophyll content in the mustard leaves (Figure 1(A) ) and of others (Gadallah, 1995; Usha & Mukherji, 1992) has been reported under cadmium stress. The results are also in conformity with where cadmium decreased the chlorophyll level in leaves (Muradoglu et al., 2015) .
The enzyme CA reversibly hydrates CO 2 to bicarbonate at the membrane of chloroplast to enrich the stroma with CO 2 to be feed in Calvin cycle for carbon fixation. In cytoplasm, CA possibly brings about cytosolic carboxylation (Escudero-Almanza et al., 2012) and regulates cytosolic buffering and pH for the normal activity of housekeeping enzymes similar to that of animal systems. Significant decline of CA activity noticed in cadmium stressed mustard varieties denotes dose-dependent inhibition (Figure 1(D) ). Multiple causes have been suggested for the declined activity of CA, for instance, cadmium-zinc antagonism, reduced substrate (CO 2 ) availability through stomatal restriction, and low activation state of CA (Escudero-Almanza et al., 2012; Tkalec et al., 2014) . Inhibition of activity of CA under soil cadmium stress was reported in other crops too (Hasan, Ali, Hayat, & Ahmad, 2007; Hayat, Hasan, & Ahmad, 2011) .
Cadmium reduced the photosynthetic rate and related attributes could negatively draw the biosynthesis of photosynthates which were positively corroborated with the activity of CA, chlorophyll level, and chlorophyll fluorescence (Escudero-Almanza et al., 2012; Li et al., 2015; Usha & Mukherji, 1992) . Primary carbon metabolism and restriction of photosynthesis in response to cadmium doses (Mysliwa-Kurdziel et al., 2004; Siedlecka et al., 1997) severely reduce the quality and quantity of yield (Ghani, 2010; Patel et al., 1980) . The yield parameters (number of pods per plant, number of seeds per pod, weight of 100 seeds and total seed yield per plant) of mustard varieties significantly decreased in response to cadmium toxicity in the two mustard varieties (Figure 3(A-D) ). Therefore, photosynthetic restriction of cadmium toxicity reflected in a genotype-dependent manner which resulted in significant difference of growth and yield attributes (Figure 3 ) which was also shown by Patel et al. (1980) and Ghani (2010) . Screening of varieties based on Cd uptake and distribution or Cd sensitivity was tested in different crop plants Arao et al., 2003; Page & Feller, 2015; Zhang et al., 2009) . Genetic variations in these varieties seem to regulate different defense traits to impart varieties resistant or sensitivity phenotype. Howden, Coldsbrough, Andersen, and Cobbett (1995) showed cad7 mutants of Arabidopsis thaliana with deficient phytochelatin synthesis were Cd sensitive. These genetic differences further regulate the photosynthetic and biochemical performance in accordance with defense mechanisms deployed which varies from plant to plant (Krupa, 1999; Muradoglu et al., 2015; Tanwir et al., 2015) .
Conclusion
Cadmium toxicity could be marked as genotype-dependent biochemical and physiological responses. The generalizations of these mechanisms, however, differ in metal accumulator and non-accumulator species. The accumulation of cadmium in resistant variety (here Varuna) is poorly reflected in terms of photosynthetic efficiency and marked activity of CA and lower degradation of chlorophyll molecules. This varietal difference resulted in better seed yield of Varuna as compared to RH-30 under cadmium stress.
